Among neotropical bats with subdivided renal medullae, some natural urine samples are equal in concentration to mean maximum calculated levels. 2. Natural urine osmotic pressures in frugivorous phyliostomids are less than in other phyllostomids which, in turn. are less than in insectivorous bats. 3. Urinary sodium (Na+) concentrations show no difference between frugivorous. insectivorous. and others, but urinary potassium (K+) levels in frugivores are higher than in other bats.
INTRODUCTION
With few exceptions, previous studies of kidney structure (see Geluso, 1980 , for review) have dealt primarily with temperate zone insectivorous species that inhabit mesic or xeric environments.
We have recently expanded available data on renal morphology of bats to include a large number of neotropical species of various feeding preferences that inhabit very moist environments (Studier et al., 1983) .
Again, with few exceptions, studies of renal function have dealt mostly with determination of maximal urine concentrating abilities and the relationship between renal morphology, maximal concentrating abilities and environmental stress (Geluso, 1980) . Together with our recent extensive study of renal function in Artibrus jamaicensis (Studier et al., 1983a) , the present study extends available data on renal function to include neotropical species. The objectives of this study are to: (1) examine the extent to which neotropical bats concentrate their urine under natural conditions,
determine the relationship between renal morphology and natural urine concentrations, and (3) examine the potential relationship between dietary preference, environmental dehydration pressure, and natural urine concentration and composition. . Six Molo.ssus aztecus were collected at dawn (0600 hr local time) in a mist net placed over the entrance to a day roost. One M. bondae and many Noctilio albiaentris were collected at sunset (1800 hr local time) with a hand net as they left a day roost under the roofing tiles of a pump house in Gamboa. One Rhogersa tumida was caught in a Tuttle trap at night on BCI. One Thyroptera tricolor and 13 MJotis niyricuns (seven in November, six in May) were collected by hand at various times throughout the day from day roosts on BCI. Five Cormura brecirostris were collected with hand nets at dawn from a day roost on BCI. Several Saccoptrryz bilineata and Micronycteris hirsutu were collected by hand nets in mid-afternoon from day roosts on Orchid Island. Urine samples were collected from T. tricolor and M. nigricans immediately upon capture because bats almost invariably urinate immediately upon being handled when captured in day roosts. A few urine samples were collected from mist-netted bats immediately upon capture. All other bats were placed in cloth bags (20 x 30 cm) for temporary holding. These bats were removed after I/2-l 1,2 hr and usually urinated upon removal from the bag. 1Jrine samples were analyzed for total osmotic pressure (= total concentration) with a Wescor vapor phase osmometer (Model 5100 B) as soon as possible after collection. Times between collection and analysis ranged from a few seconds to a few hours with most samples analyzed within a few minutes of collection.
MATERIALS AND METHODS

Urine
When urine samples were held for more than a few minutes before analysis, they were kept in small (0.5 ml), sealed microtubes (Coy Laboratory Products.
Inc., Ann Arbor, MI). This precaution. together with the normal high humidity in Panama. permitted only negligible evaporation of urine samples prior to testing. When urine samples were sufficiently large, aliquots were diluted for analysis of Na+ and K+ concentrations with a Perkin-Elmer (Coleman 5 1) flame photometer. Some of the urine taken in the November sampling was diluted for determination of urinary ammonia and urea nitrogen levels (Connerty el al., 1955) .
A few bats were used in dehydration/starvation experiments as described by Studier et al. (1983a) for Artiheus jamaicensis. to significant differences in renal morphology (Studier et u1., 1983b) . Accordingly, data on urine osmotic pressure in frugivorous phyllostomids are presented in Table 1 , nonfrugivorous phyllostomids in Table 2 , and non-phyllostomid, insectivorous bats in Table 3 . There are no significant differences in urine osmotic pressures between May and November samples for those species in which sample sizes are large enough for comparison (Artiherfs ~~~[~~u~~~s, Vu~npyrodrs cnrmcioli and ~~o~f~i.l?~~l bjl~~utzil?l from Table I . and ~4~oris ~~jg~jcu~~s from Table 3 ).
Preliminary
dehydration~starvation experiments with small numbers of two species of frugivorous phyllostomid bats showed that six (2$/4d) Cam&a persprcillatu produced urine of highest concentration after 21-29 hr without food or water with average urine osmotic pressure reaching 1090 mOsm/kg (SEM = 16; N = 6; range = 1045-l 137) and two male Artihrtrs lituratus produced maximally concentrated urine after 23-24 hr without food or water when urine osmotic pressure reached 784 and 809 mOsm/kg.
DISCUSSION
Urinary sodium and potassium concentrations in
The collection of urine from live-trapped animals neotropical bats are summarized in (Bakko, 1977) . Methods that are generally useful in collection of natural urine from small mammals were recently reviewed by Studier & Rimle (1980) . They showed that temporary holding of big brown bats (Eptesicusfuscus) had no discernible effect on total urine or component concentrations. There were no differences in total or component concentrations of urine collected immediately from bats and those held briefly in cloth bags prior to urine collection for any of the species reported here (see also Studier et al.. 1983a) .
A relationship between various indices of renal morphology and maximal urine concentrating ability is well established for mammals (Sperber, 1944; Brownfield & Wunder, 1976) . For insectivorous bats, Geluso (1978) demonstrated that renal indices involved with medullary thickness are highly correlated with maximum concentrating ability; the best predictors being the ratio of the inner medullar zone to cortex (IM/C) and ratio of medulla to cortex (M/C). Our previous observation that renal indices of frugivorous species are less than those of other phyllostomids.
which are lower than those of insectivorous bats (Studier et al., 1983b) , argues for parallel differences in maximal urine concentrating abilities in these three groups. A Student-Newman--Keuls (SNK) analysis of the data on natural urine concentrations given in Tables 1, 2 and 3 yields significant differences (P < 0.001 in each case) between each group.
Mean urine osmotic pressure of naturally collected urine in insectivores (2172 mOsm/kg for 43 samples from 9 species) is higher than that of non-frugivorous phyilostomids (I 580 mOsm/kg for 41 samples from 12 species) which is, in turn, higher than the mean urine osmotic pressure in frugivorous species (557 mOsm/ kg for 148 samples from 13 species).
As suggested earlier by Studier rt ai. (1983h3, based on renal morphology, these three groupings are best explained by differences in normal dietary protein density and perhaps to differences in preformed water in the food. The frugivorous phyllostomids (subfamilies Carolliinae, Glossophaginae and Stenodermatinae) feed primarily on nectar, flowers or fruit, and the non-frugivorous phyllostomids (subfamilies Phyllostominae and Desmodontinae), although highly diverse in dietary habits, all routinely consume food of animal origin and contain no species that are primarily fr~l~ivorous (Gardner, 1977) . The non-phyllostomid insectivorous bats feed, of course, on insects (Wilson, 1973) . Rasweiler (1977) tabulated nutritional data on many foods consumed by bats and found protein levels in animal tissues to be much higher than in plant tissues. He also pointed out that animal proteins have amino acid compositions that correspond more closely to mammalian requirements and may be more readily digestible than proteins of plant origin. It is unlikely that dietary mineral densities would exert a selective pressure relative to maximal urine concentrating abilities. Whereas specific ion concentrations (especially sodium and potassium) differ markedly, total mineral levels of plant and animal tissue fluid are com~rable (Altman & Dittmer, 1972 : Rasweiler. 1977 ).
Geluso ( 1969) and in the frugivore, Artiheus ,jarnaicensis, from Studier et (11. (1983a, 1983b) fall well below those derived by Geluso's equations. His equations. then, do not apply to those phylIostomids with undivided renal medullae (Studier e't ui., 1983b). Table 6 compares our measured maximum osmotic pressure for natural urine samples with the expected mean maximum level estimated by Geluso's (1980) equation. Only those neotropical species with a subdivided renal medulla are included (Studier et a [., 1983b) . Several of the species are not insectivorous (Wilson, 1973) . Figure 1 compares natural urine maximum concentrations to expected levels based on the renal index, IM/C, using Geluso's (1980) equation. It is apparent in Fig. 1 that for nearly all species where sufficient samples were taken, natural and expected urine maxima are equal. Points 8 (Rhogresa tunrida),
(~~~~r~r~r~~~~z rricolor) and 16 (~~~?7p~r~~)~ spetrcm)
are species represented by a single urine sample. that are truly omnivorous (Gardner, 1977) . Data shown in Fig. 1 , therefore, provide some support for expanding Geluso's (1980) equation relating mean maxima1 renal concentrating abilities to IM/C in insectivorous bats to include all bats with a subdivided renal medulla, regardless of feeding habits. Furthermore, it seems that most species with a subdivided renal medulla produced urine, at some time in the day, that is equal in concentration to their maximum capabilities. As previously discussed, the production of such highly concentrated urine probably relates to dietary protein density. Thus, insectivorous species (numbers i-l 1 in Fig. l) , a sanguinivorous species (Desnodus rotundus, number 12 in Fig. I ) and a carnivorous species (Trachops cirrhosus, number 15 in Fig. l) , all of which consistently consume high-protein diets, produce maximally concentrated urine to eliminate the large dietary nitrogen load. We assume that the consumption of both plant and animal food by the two species of PhyHostomus represents an intermediate dietary protein load and does not require the production of maximally concentrated urine.
It seems that non-omnivorous, neotropical bats with a subdivided renal medulla have little or no reserve renal concentrating capacity and probably could not tolerate increased dietary protein density or environmental change that would markedly increase habitat dehydration stress. A similar situation exists for at least one temperate zone bat, Myotis lucijiigus (Geluso & Studier, 1979) which in New Mexico produces natural urine equal in concentration to its mean maximum. For another, Eptrscrrs fuscus (Studier & Rimle, 1980) , natural urine concentrations fall well below their expected mean maximum. The latter statement assumes that the renal index of E~cesicus fuscus is identical for bats from Michigan and New Mexico. We believe that both structural and functional renal adaptations for water conservation throughout the geographic ranges of species of bats should reflect the most extreme conditions of water availability and dehydration stress that will exist over time periods measured in units of at least decades. Thus bats occupying temperate, mesic environments would be expected to possess greater renal water conserving reserves than bats in Panama where water availability and dehydration stress is less variable.
It is. then, not surprising that neotropical frugivorous bats, which possess an undivided renal medulla, produce relatively dilute urine and are poorly adapted to produce urine of high osmotic pressure (Carpenter, 1969; Studier er al., 1983a) . Their foods are readily available and of low protein density and high water content, and environmental dehydration stress is not so variable. As indicated by Gardner (1977) neotropical frugivorous bats, especially glossophagine and carolliine species, do erratically consume some insects precipitating a discussion of whether the ingestion of insects is purposeful or accidental. In view of these dietary observations, it is useful to note that several urine samples collected from Carolfia spp. (6 of 23) and G~ossoph~gu spp. (1 of 3) in May exceeded loo0 mOsmjkg. These levels far exceed the average natural urine concentration (557 mOsm/kg) found for frugivorous bats. During May, these species consume significant numbers of insects (see Fig. 3 , Fleming et al., 1972) adult females are in late pregnancy or lactation, and volant young are rapidly growing (Fig. 4,  Fleming et al., 1972) . We suggest that insects are purposefully ingested by these species during those portions of the reproductive cycle when protein synthesis involved in embryonic or neonatal growth, and milk synthesis is high. The ingestion of foods of high dietary protein density is then reflected by the production of highly concentrated urine.
Sodium and potassium balance of the frugivorous phyllostomid, Artibeus j#~uice~sis, was discussed by Studier er al. (1983a) . Total mineral densities ingested by frugivores and insectivores are probably comparable; however, the ingested loads of specific ions, particularly sodium and potassium, are extremely different. For frugivores, dietary sodium density is very low while potassium density is very high. For insectivores, dietary sodium density is much higher and potassium density somewhat lower. These dietary differences might well be expected to reappear in similar concentrations in the urine of bats of different dietary preferences. Urinary sodium and potassium concentrations for the species studied are summarised in Table 4 . An SNK analysis of urinary sodium levels shows no differences between frugivores (15.4 mEq/l for 54 samples from 8 species), non-frugivorous phyllostomids (14.7 mEq/l for 26 samples from 9 species), and non-phyllostomid insectivores (2 1.7 mEq/l for 16 samples from 4 species). An SNK analysis of urinary potassium levels, however, shows urinary potassium concentration of frugivores (80.3 mEq/l for 54 samples from 8 species) to be significantly higher (P < 0.005) than that of non-frugivorous phyllostomids (41.4 mEq/l for 26 samples from 9 species) and also higher (P < 0.05) than that of non-phyllostomid insectivores (49.8 mEq/l for 16 samples from 4 species). There is no significant difference in urinary potassium coneentrations in the latter two groups. Urinary mineral (Na+ and K+) densities of frugivores, therefore, are reflective of dietary mineral densities but urinary mineral densities of insectivores are not. This observation suggests that strategies for maintenance of sodium and potassium balance in frugivores may differ from those of insectivores. Frugivores seem to use rapid and efficient assimilation of these minerals at the intestinal cpithelium (supported also by mineral loading experiments with Artiheus jmaicensis by Studier et al., 1983a) with renal regulation of significance in retention of sodium and loss of potassium. Unless sodium and potassium are sequestered in the body, in insectivorous species these ions would appear to be assimilated much more slowly and selectively at the level of intestinal epithelium leading to a lesser rate of sodium and potassium influx followed by renal sodium reclamation and potassium excretion,
The limited urinary ammonia and urea nitrogen data summarized in Table 5 further support the relationship between dietary protein density, urine osmotic pressure, and urinary ammonia and urea nitrogen levels. Although too few data are available for analysis, the frugivorous species ingest low protein density foods and produce the most dilute urine, which contains little ammonia and urea nitrogen. The insectivorous species (~~~otis nigrimns) ingests a high protein diet and produces concentrated urine high in ammonia and urea nitrogen. The non-frugivorous phyllostomids have diets of variable protein density in which protein level is directly related to urinary concentration and ammonia and urea nitrogen level. A few anecdotal observations provide additional support. The only reference to the feeding habits of Phylloderma stenops is the ingestion of the larvae and pupae of a social wasp (Jeanne, 1970) although Gardner (1977) suggests that they also consume plant material. This was certainly true of the single individual taken in November (Table 5) which has an M/C of 2.4 and produces maximally concentrated urine of 972 mOsm/kg (Studier et al., 1983a (Studier et al., , 1983b when feeding on dehydrated figs. G~o.~so~kugu, with an M/C ratio of 1.8, also is capable of producing urine that is more concentrated than the maximum level attained by A. ,jan~~icensis. Unlike results for A. jamaicensis, urine produced by A. liturutus after approximately one day without food or water was more concentrated than any natural urine samples. We suspect that dehydration/starvation stress, as with Artibeus ,jamaicensis (Studier ef al., 1983a), did not force these frugivores to produce maximally concentrated urine. The existence of a relationship between M/C and maximum urine concentrating ability of bats that possess an undivided medulla remains to be established. Major hindrances in establishing such a relationship, if it indeed exists, is the very small range of M/C values and the difficulty in determining maximal urine concentrating abilities in these species.
In summary, natural urine of frugivorous phyllostomids is less concentrated than that of non-frugivorous phyllostomids, which is less concentrated than urine of non-phyllostomid, insectivorous bats. Osmotic pressure of natural urine relates directly to dietary protein density. Geluso's (1980) equation relating mean maximum urine concentrating abilities in xericand mesic-zone insectivorous bats to renal indices seems to hold for any bats that possess subdivided renal medullae and regularly ingest food of animai origin. Included are all New World non-phyllostomids and those phyllostomids in the subfamilies Phyllostominae and Desmodontinae.
Some natural urine samples within each species of such bats are equal in concentration to their mean maximum urine concentrations. These bats, therefore, possess no reserve renal concentrating or water retention capacity. Urine concentrating abilities are primarily a function of diet and are less dependent on environmental dehydration pressure. The invasion of more arid environments by neotropical bats with subdivided renal medullae does not seem limited by renal function.
Geluso's (1980) equation does not hold for bats with undivided renal medullae (phyllostomids in the subfamilies Carolliinae, Glossophaginae and Stenoderminae).
The possible existence of a relation between the renal index M/C and mean maximum urine concentrating ability in bats with undivided renal medullae has yet to be established.
Average urinary sodium concentrations show no differences between frugivorous phyllostomids, nonfrugivorous phyllostomids and non-phyllostomids. Average urinary potassium levels of frugivorous phyllostomids are, however, significantly higher than in both non-frugivorous phyllostomids and non-phyllostomids, which are not different from each other. Relative to mineral balance, frugivorous bats seem to use rapid and extremely efficient assimilation of dietary minerals with renal regulation of lesser importance whereas insectivorous species seem to assimilate dietary minerals less readily and utilize a greater range of renal regulation. Urinary ammonia and urea nitrogen levels are directly related to normal dietary protein density.
